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ABSTRACT Carbon polyprismanes are 1D nanostructures that should be classified as diamond-like phases
because they (polyprismanes) also consist of the 4-coordinated carbon atoms. A carbon polyprismane con-
tains polygonal atomic rings arranged in layers along the common symmetry axis, at uniform distances from
each other. According to previous density functional theory based studies, carbon polyprismanes can exhibit
metallic conductivity, which is very unusual for diamond-like phases. In this paper, we present the sp® tight-
binding model based calculations of the band structures for carbon polyprismanes of different diameters and
compare the obtained results with their analogs for a 2D square carbon lattice, which can be considered as the
limiting case of a carbon polyprismane of infinite diameter. Our results confirm that the sp? tight-binding model
describes the electronic properties of carbon polyprismanes well, since we obtain their band structures over a
wide range of parameter values for the proposed model. We believe that such electronic transport characteris-
tics are an intrinsic topological feature of polyprismanes and should also occur in non-carbon polyprismanes.
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1. Introduction

In recent years, carbon nanotubes (CNTs) have found increasingly diverse applications in nanotechnology, en-
gineering, and industry. CNTs are actively used in the fabrication of various electronic components such as ionic
diodes [1], electrodes [2], and field-effect transistors (FETs) [3-5]. Many of the modern advances in CNT-based elec-
tronics have evolved from devices employing a single CNT to implementations using aligned CNTs and even CNT thin
films, as demonstrated in [6]. Aligned CNT-based field-effect transistors have already been scaled down to sizes be-
low 10 nm, surpassing their silicon counterparts in terms of charge carrier mobility and the Fermi velocity [7]. More-
over, artificial synaptic thin-film transistors, fabricated on an ultrathin flexible substrate with semiconductor single-walled
CNTs (SWCNTSs) exhibiting high charge carrier mobility, have proved useful for the development of neuromorphic elec-
tronic skin [8]. In addition, CNTs have helped researchers fabricate highly conductive polymer composites for rapid-
response electrical heaters [9] and even electroactive porous filters for water purification [10].

A notable feature of CNTs is that their carbon atoms are in an sp>-hybridized state and can form additional covalent
bonds. Consequently, CNTs tend to be quite sensitive to environmental contaminants (free radicals). Carbon polypris-
manes (CPPs), or Ci, ,,) prismanes — systems of regular atomic m-gons stacked in layers along a common symmetry
axis at uniform inter-layer distances (n is the number of such m-gons; see Fig. 1) — do not suffer from this disadvantage
because the atoms in such CPPs are in an sp>-hybridized state and cannot form any additional covalent bonds. CPPs also
have much smaller cross-sectional areas compared to SWCNTs. These two factors make Cyy, ,,) prismanes particularly at-
tractive in certain high-tech applications requiring atomic-scale precision (e.g., in the fabrication of ultrathin nanoneedles
for biological applications or tips for atomic force microscopy [11]).

However, CPPs are not without their drawbacks, one of which is low thermal stability. Thus far, only the simplest
Cln,m) prismanes have been synthesized [12-14]. Nevertheless, we believe that even these CPPs can be very useful
in nanoelectronics. It is well known that scaling down FET contact lengths is challenging as it can degrade device
performance [15]. Some studies report significant deterioration of FETs at their contact lengths below 30 nm [16]. We
believe that even the simplest C;, ,,,) prismanes could be promising candidates for nanomaterials to help solve these
scaling issues.

In addition, computational modeling indicates that long (n > 10 or even n — 00 Cp, 4, Cpy, 5), and Cy,, 6] pris-
manes are sufficiently stable [17, 18], and also predicts the feasibility of creating C(3 4) and Cy4 4) prismanes [19]. Direct
molecular-dynamics simulations confirm the high kinetic stability of short Cz5) and C| g prismanes [20]. Density
functional theory (DFT) calculations have also been applied to study specific CPP-based electronic components, such as
Schottky nanodiodes [21].
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FIG. 1. Atomic structures of Ci, 4 (a), Cy, 51 (b), Cpyp 6] (¢), and Cyy, 7) (d) prismanes

Many diamond-like phases are very robust and can withstand substantial mechanical loads, as demonstrated by atom-
istic modeling [22-24]. Some diamond-like phases have hardness values comparable to that of diamond [25]. Such
distinctive physical properties open a broad range of commercial applications for diamond-like phases. Furthermore, like
diamond, most diamond-like phases comprise fully sp®-bonded carbon atoms and often have sizable (> 3.0 eV) band
gaps (diamond’s band gap is about 5.45 eV [26]), i.e., they display dielectric behavior [27]. Although C|, ., prismanes
are structural units of diamond-like phases, CPPs can exhibit metallic conductivity, which is highly unusual for sp®-
hybridized carbon materials. This has been shown via DFT-based studies [28,29]. Notably, analogous metallic properties
also appear in silicon and germanium (classical semiconductors) polyprismanes [30-32], suggesting that the electrical
transport characteristics of Cy,, ,,,) prismanes are driven by their topology rather than by carbon’s intrinsic nature.

The tight-binding model (TBM) is a relatively simple and intuitive approach to calculating the band structures of both
carbon [33,34] and non-carbon [35-37] materials. In this paper, we understand the metallic conductivity of CPPs from
the sp> tight-binding model (sp>-TBM).

2. Materials and methods

We applied the sp>-TBM to compute the band structures of sufficiently long Cin,m] prismanes (n — oo,
m = 4,5,6,7). The 2s, 2p,, 2p,, and 2p, orbitals of each carbon atom were used as the basis set for expressing
this model. The Bloch functions used in our proposed model can be described as follows:

[Ua(k, p)) = rZeﬂ ka)lpa(p — ar — ),

where the index A runs over the 2s, 2p.., 2py, and 2p, atomic orbitals, [ is the number of CPP unit cell, a; is the translation
vector of the /-th unit cell along the Cy, ,,) prismane symmetry axis, 7, is the relative displacement of the 7-th atom in
the unit cell of this CPP, k is the wave vector (directed along the CPP symmetry axis and lying in the 1st Brillouin zone),
Ny is the total number of CPP unit cells (Ng = n — o0), p is the electron radius-vector. The general form of the m x m
Hamiltonian sub-block for a long Cy,, ,,j prismane in the basis set [¢x(p — a; — 7)) is detailed in Table 1, where it is
assumed that the g-th atom is the nearest neighbor of the p-th atom, and the r-th atom is the nearest neighbor of the g-th
atom but not of the p-th atom.

TABLE 1. General form of the m x m Hamiltonian sub-block

Atom index p-th atom q-th atom r-th atom
p-th atom E —eTikdadp 0
¢-thatom | —e ik dar)p E e ikdar)p
r-th atom 0 —eTikdra) g E

In Table 1, the elements F, E, ,, E, 4, E,, and E,. , are 4 x 4 matrices describing the interaction energies of the
long C, ,,) prismane atoms with indices p, ¢, and r. The vector d; ; represents the position of atom j of such a CPP
relative to its atom ¢. The matrices E, ,,, E, 4, Ey -, and E,. , were calculated according to the Slater—Koster approach (see
Table 2) [38]. We likewise computed the elements £, taking into account that each atom in the C, ,,,) prismane (n — o)
unit cell interacts with its 2 images in the nearest neighboring unit cells of this CPP. The matrices F also included the
energies of the s- and p-orbitals of carbon. Since we only considered the interactions of the nearest neighboring atoms of
CPPs, (p; r) and (r; p) blocks in Table 1 are 0.

In Table 2, L, M, and N are the direction cosines of d; ; with respect to -, y-, and z-axes, respectively. Throughout
this work, we assumed that all covalent bond-lengths in Cj, ., prismanes (n — oo) are equal (~ 1.50 — 1.60 A),
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TABLE 2. Elements of the matrices F, ,,, E}, 4, Ey ., and E, ,

a,p> &p,q>
Atomic orbitals 2s 20 2py 2p.,
2s tsso Ltspo Mtspo Ntspo
2P Ltszw LQtppU + (1 - Lz)tppﬂ LM(tpzw B tppﬂ') LN(tppU B tppTr)
2py Mtszm LM(tmm - tmm) M2tmm + (1 - Mz)tppﬂ NM(tmw - tmm)
2p- Ntspo LN (tppo — tppr) NM (tppo — tppr) Nthpa +(1- NZ)tppw

as previous studies indicate that in long CPPs the difference between intra-layer and inter-layer bond-lengths does not
exceed 5 % [11]. Thus, our focus was on elucidating the electronic properties of long Cy,, ,,,) prismanes rather than on
fine details of their geometry. In explaining the electrical transport characteristics of such CPPs, we adopted the simplest
possible model.

All eigenvalue calculations of the Hamiltonians and the band structure plots were performed numerically using
Python.

3. Results and discussion

In the first phase of our study, we adopted the following parameter values for the sp>-TBM: E,, = —7.30,
Ey, = 0.00, t556 = —4.30, tspe = 4.98, tppe = 6.38, and ), = —2.66 €V, as indicated in [39—41].

Before calculating the band structures of Cy,, ,,, prismanes (n — oo, m = 4,5, 6, 7) with these sp3-TBM parameter
values, we tested them by computing the band structures of long zigzag (x, 0) SWCNTs. For x = 6,7,8,9 our results
qualitatively confirmed the well-known rule: if x is a multiple of 3, then long (y, 0) SWCNTs are quasi-metallic [42].
Fig. 2 shows the band structures of long (6, 0), (7, 0), (8, 0), and (9, 0) SWCNTSs under the chosen parameter values for
the sp>-TBM. The corresponding band gaps of these SWCNTs are summarized in Table 3.

TABLE 3. Band gaps of long (x, 0) SWCNTs

X 6 7 8 9
Band gap, eV | 0.08 | 1.14 | 1.11 | 0.08

We initially validated the above sp>-TBM parameter values on (x, 0) SWCNTs because they are 1D systems (like
CPPs). In addition, the electric transport characteristics of such SWCNTs are fairly well understood. However, each
carbon atom in long SWCNTs has only three nearest neighbors. In long Cy, ., prismanes, each carbon atom is cova-
lently bonded to its four nearest neighbors. Therefore, we additionally tested the same sp>-TBM parameter values by
reproducing the electronic properties of diamond, which indeed demonstrated a distinct dielectric character under these
conditions.

Using the above parameter values for the sp®-TBM, we then calculated the band structures of long [n, 4], [n, 5], [n, 6],
and [n, 7] CPPs. Our results indicate that Cn,m) prismanes begin to exhibit metallic properties for m > 5, whereas Cy,, 4
prismanes display a pronounced dielectric character (n — 00). These findings for long C,, 4) and Cy,, ;) prismanes with
m > T are in qualitative agreement with the DFT-based calculations in [29]. Fig. 3 shows the band structures of long
Chn,41» Cpn,5)> Cpn 6> and Cyy, 77 prismanes under the chosen parameter values for the sp>-TBM. The corresponding band
gaps of these CPPs are provided in Table 4.

TABLE 4. Band gaps of [n, m] CPPs at n — oo

m 4 5 6 7
Band gap, eV | 5.48 | 0.00 | 0.00 | 0.00

The accuracy of both TBM- and DFT-based calculations depends on the choice of parameter values and other ap-
proximations [43—46]. Consequently, in the second phase of our work, we varied each of the sp®>-TBM parameter values
by £30 % of their respective initial values and evaluated the effect of these variations on the electronic properties of long
[n,4], [n,5], [n, 6], and [n, 7] CPPs. The band gaps of C[, 4) and Cp,,,) prismanes with m > 7 and n — oo proved to
be qualitatively stable under these changes. In contrast, the band gaps for long [n, 5] and [n, 6] CPPs ranged from 0.00 to
1.00 eV under the similar shifts of the parameter values for the sp>-TBM, indicating a quasi-metallic to semiconducting
behavior of such CPPs, in agreement with [29]. The persistence of the qualitative results for the band gaps of long Cy,, 4
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F1G. 2. Band structures of long (6, 0) (a), (7, 0) (b), (8, 0) (c), and (9, 0) (d) SWCNTs
and Cp, ,,) prismanes (m > 7) suggests that their electric transport characteristics are mainly due to the topology of these

CPPs and are not very sensitive to specific sp>-TBM parameter values. Table 5 compiles the resulting intervals of the
band gaps for long [n, 4], [, 5], [, 6], and [n, 7] CPPs under the above variations of sp>-TBM parameter values.

TABLE 5. Band gap intervals for long [n, m] CPPs under a variation of the sp®>-TBM parameter values
(E2s, E2p7 t380'7 tspa, tppaa tpp'rr)

m 4 5 6 7
Band gap intervals, eV | 2.12-10.18 | 0.00 - 0.93 | 0.00 - 0.80 | 0.00 —0.00

It is well known that the band gap of a long (7, 0) SWCNT decreases with increasing its diameter, and such a SWCNT
itself herewith tends asymptotically towards graphene [42]. Similarly, a long Cy,, ,,,) prismane with very large diameter
(m — o0) asymptotically approaches a hypothetical infinite 2D square carbon lattice (Fig. 4(a)). Although in a long
Cn,m) prismane the intra-layer atomic distances differ slightly from their inter-layer analogs, this discrepancy diminishes
for larger diameter of this CPP [11]. As the surface curvature of a long CPP approaches 0 and all its covalent bond-lengths
become equal, the structure of such a Cy, ,,,) prismane essentially becomes to a hypothetical infinite 2D square carbon
lattice. Although this ideal lattice is likely to be unstable in practice, it is instructive to consider it as the limiting case of a
long CPP with a very large diameter. Fig. 4(b) shows the band structure of a hypothetical infinite 2D square carbon lattice
calculated with the above sp>-TBM parameter values. Varying these parameter values did not have a qualitative impact
on the outcome: for Cy, ., prismanes in the limits n — oo and m — oo, the band gap remains zero, indicating robust
metallic conduction of the ideal carbon lattice.
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4. Conclusion

In this paper, we applied the sp>-TBM to study the electronic properties of long Cin,a)> Clns)s Cpnyeps and Cpy 7
prismanes. Our findings show that C;, 4 prismanes (n — co) feature relatively wide (~ 2 — 10 eV) band gaps and can be
classified as semiconductors or dielectrics. Meanwhile, long Cy,, ,,,) prismanes with m > 7 (including m — oo) possess
no band gap at all, thus acting as good electrical conductors. Large variations in the sp>-TBM parameter values do not
qualitative effect on these results. We also found that long [n, 5] and [n, 6] CPPs can exhibit metallic, quasi-metallic, or
semiconductor properties depending on the choice of these parameter values. Therefore, the electronic features of Cy, 4)
and Cp, ., prismanes at m > 7 and n — oo are governed primarily by their topology rather than by the specific nature
of carbon. We predict that similar behavior will occur in polyprismanes of other chemical elements (e.g., silicon and
germanium). The demonstrated electronic transport properties of CPPs open fresh avenues for exploiting these carbon
nanostructures as sub-nanometer wires and in other nanoelectronic device components.
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